Listeriolysin O (LLO) is a major virulence factor secreted by the pathogenic Listeria monocytogenes and acts as pore-forming cytolysin. Based on sequence similarities between LLO and perfringolysin (PFO), the cytolysin from Clostridium perfringens of known crystallographic structure, two truncated LLO proteins were produced : LLO-d123, comprising the first three predicted domains, and LLO-d4, the last C-terminal domain. The two proteins were efficiently secreted into the culture supernatant of L. monocytogenes and were able to bind to cell membranes. Strikingly, when expressed simultaneously, the two secreted domains LLO-d123 and LLO-d4 reassembled into a haemolytically active form. Two in-frame linker insertions were generated in the hinge region between the d123 and d4 domains. In both cases, the insertion created a major cleavage site for proteolytic degradation and abolished cytolytic activity, which might suggest that the region connecting d123 and d4 participates in the interaction between the two portions of the monomer.
INTRODUCTION
Listeria monocytogenes is a Gram-positive bacterium that is widespread in nature and responsible for sporadic severe infections in humans and other animal species (Berche et al., 1987 and references therein) . This pathogen is a facultative intracellular micro-organism, capable of invading most host cells, including epithelial cells (Gaillard et al., 1987) , hepatocytes (Dramsi et al., 1995 ; Gaillard et al., 1996) , fibroblasts (Kuhn & Goebel, 1989) , endothelial cells (Drevets et al., 1995) and even macrophages (Mackaness, 1962) . Each step of the intracellular parasitism by L. monocytogenes is dependent upon the production of virulence factors (Sheehan et al., 1994) . Among the virulence factors identified so far (Chakraborty et al., 1992 ; LeimeisterWachter et al., 1990 ; Renzoni et al., 1999) , listeriolysin O (LLO ; encoded by the hly gene) plays a crucial role in the escape of bacteria from the phagosomal compartment. Disruption of hly in wild-type L. monocytogenes leads to a loss of haemolytic activity and of virulence in the mouse model of infection (Gaillard et al., 1986 ; Kathariou et al., 1987 ; Portnoy et al., 1988) .
LLO belongs to the family of thiol-activated cytolysins that are secreted by a large number of pathogenic Grampositive bacteria. These pore-forming toxins comprise more than 20 members to date (Bayley, 1997 ; Alouf, 2000) , including the extensively studied perfringolysin (PFO) from Clostridium perfringens, streptolysin O from Streptococcus pyogenes and pneumolysin from Streptococcus pneumoniae. LLO is composed of 529 residues and possesses at its N terminus a 25 residue typical signal sequence (Mengaud et al., 1988) . The protein is secreted into the culture supernatant as a monomer (Geoffroy et al., 1989) . The three-dimensional structure of LLO is currently unknown but that of monomeric PFO has been determined at 2n7 A H by X-ray crystallography (Rossjohn et al., 1997) . The molecule, which comprises 500 residues, is elongated and is composed of four domains that are rich in β-sheet structures. Domain 2 is connected to domain 4 through a glycine linker (at residue 392). The autonomous domain 4 folds into a compact β sandwich. Electron I. DUBAIL and OTHERS microscopy data showed that the PFO monomer is L shaped with four domains of equal size with one end, domain 4 (d4), flexibly linked to the three others. A classical approach to understanding how the different regions of a polypeptide interact to stabilize the secondary, tertiary and quaternary structures of the native conformation consists of expressing these regions independently. Fragment complementation has been performed either with fragments produced by limited proteolysis or chemical cleavage, or with incomplete polypeptide chains expressed independently by genetic manipulations. The in vivo assembly of functional proteins from complementing fragments has been demonstrated for several proteins of Gram-negative bacteria, including integral membrane proteins (Bibi & Kaback, 1990 ) and soluble cytoplasmic, periplasmic or secreted proteins (Betton & Hofnung, 1994 ; Diep et al., 1998 ; Shiba & Schimmel, 1992) . Taking advantage of the sequence similarities between LLO and PFO, we elaborated a theoretical 3D model of LLO folding, and engineered truncated and modified LLO proteins and expressed them in L. monocytogenes. We found that, when secreted simultaneously, two truncated proteins comprising the proximal (LLO-d123) and distal (LLO-d4) portions of LLO could reassemble to form an active molecule. In contrast, in-frame insertions in the region connecting these two domains drastically altered protein stability and abolished cytolytic activity.
METHODS
Bacterial strains and culture conditions. The wild-type virulent strain of L. monocytogenes EGD (denoted EGDwt) belongs to serovar 1\2a (15). EGD∆hly is a derivative of EGDwt (serotype 1\2a) which contains an in-frame chromosomal deletion of 1080 bp in the hly gene (Guzman et al., 1995) . EGD∆hly was transformed with the different recombinant plasmids by electroporation as previously described by Park & Stewart (1990) . Bacteria were grown in Brain Heart Infusion (BHI) broth (Difco Laboratories) at 37 mC without antibiotics, except the pAT28-transformed strains which were grown on BHI broth containing 60 µg spectinomycin ml − ".
Constructions. PCR-amplified fragments were first cloned into pCR (Invitrogen). All the recombinant genes were finally subcloned into the high-copy-number Gram-negative\Gram-positive shuttle plasmid pAT28 (Trieu-Cuot et al., 1990) . The wild-type hly gene preceded by its upstream promoter region, cloned into pAT28, has been described previously (Dubail et al., 2000) .
LLO-d123. The truncated hly gene encoding the first 416 residues of LLO and its upstream promoter region were amplified by PCR using primers 1 (5h-CCGGATCCCTTA-AAGTGACTTTTATGTTGAGGCA-3h) and 2 (5h-CCCTG-CAGTTAATCTGTATAAGCTTTTGAAGTTGTTTC-3h). The amplified product was first cloned into pTCV-lac and then subcloned into pAT28, yielding plasmid pAT28-LLOd123. The corresponding protein was named LLO-d123.
LLO-d4.
To allow secretion of the predicted d4 domain of LLO into the culture medium, we fused residues 415-529 to the proximal portion of the protein (residues 1-35) which contains the putative signal sequence. Two pairs of oligonucleotides were used for PCR amplification. The first pair of primers was 5h-GCTCTAGATCTCTTAAAGTGACTTTTATGTT-GAGGCA-3h (primer 1) and 5h-GGGAATTCCATATGTG-AATTTTCTTTATTGAATGCAGATGCATCCTTTGC-TTCAGTTTG 3h (primer 2). An NdeI site (underlined) was created at the 3h end directly after the triplet encoding residue 35. The second pair of primers was 5h-GGCCATATGACA-GATGGAAAAATTAACATCGATCACTCT-3h (primer 1) and 5h-CCCTGCAGACAATTATTCGATTGGATTATCT-AC-3h (primer 2). The two amplified fragments were cloned into pCR. An XbaI-KpnI fragment, comprising the proximal part of hly, was first subcloned into the XbaI-KpnI sites of pAT28 (yielding pAT28-LLO : 1-35). Then, an NdeI-KpnI fragment comprising the distal part of hly was inserted into the NdeI-KpnI sites of pAT28-LLO : 1-35, yielding plasmid pAT28-LLO-d4. The resulting protein was named LLO-d4.
LLO-lL.
A DNA fragment containing the promoter region of hly and the portion encoding domains d123 (residues 1 to 416) followed by a linker encoding the hexapeptide GGSGGS and an NdeI site was amplified by PCR using the primers 5h-GCTCTAGATCTCTTAAAGTGACTTTTATGTTGAGG-CA-3h (primer 1) and 5h-GGCATATGGGATCCTCCGGA-TCCTCCATCTGTATAAGCTTTTGAAGTTGTTTCA-ATATATTCTGAG-3h (primer 2). The NdeI site was designed to be in-frame with the NdeI site present in construction pAT28-LLO-d4 (see above). The amplified fragment was first cloned into the pCR cloning vector. Then the XbaI-NdeI fragment encoding LLO-d123 was substituted for the XbaINdeI fragment of plasmid pAT28-LLO-d4. The sequence of the modified hinge region thus corresponds to the insertion of the nonapeptide GGSGGSHMTD flanked on both sides by the predicted original G417 linker.
LLO-lS.
A DNA fragment containing the promoter region of hly and the portion encoding residues 1 to 414 of d123, followed by a NdeI restriction site was first amplified by PCR with the primers 5h-GCTCTAGATCTCTTAAAGTGACT-TTTATGTTGAGGCA-3h (primer 1) and 5h-CCCATATG-ATAAGCTTTTGAAGTTGTTTCAATATA-3h (primer 2). The amplified fragment was first cloned into the pCR cloning vector. Then the XbaI-NdeI fragment encoding LLO-d123 was substituted for the XbaI-NdeI fragment of plasmid pAT28-LLO-d4. The resulting modified protein thus corresponds to the insertion of the dipeptide HM between residues 414 and 415 of LLO.
Simultaneous expression of LLO-d123 and LLO-d4. First, the gene encoding LLO-d123 was integrated into the chromosome of EGD∆hly. For that, we used the integrative vector pAT113 (Trieu-Cuot et al., 1991 ; Autret et al., 2001) . Integration of pAT113 in the chromosome of Gram-positive bacteria requires the presence of the transposon-encoded integrase in the recipient. Therefore EGD∆hly was transformed with plasmid pAT145, carrying the transposon-encoded integrase Int-Tn. The BamHI-SalI fragment of plasmid pAT28-LLOd123 was cloned into the BamHI-SalI sites of vector pAT113 and the resulting plasmid (pAT113-LLO-d123) was transferred into EGD∆hly\pAT145 by electroporation. One transformant, corresponding to a single chromosomal insertion (and showing normal growth capacities ; not shown) was reserved. Finally, plasmid pAT28-LLO-d4, encoding LLO-d4, was introduced into this strain by electroporation.
Protein preparation and analysis
Protein preparation. The LLO proteins were prepared from supernatants of EGD∆hly transformed with the different pAT28 derivatives. For each mutant, 25 ml of an 8 h culture at 37 mC in BHI-spectinomycin broth were added to 500 ml Functional assembly of LLO domains RPMI 1640 minimal medium containing glucose (3 % final). The suspension was grown overnight with agitation at 37 mC (under these conditions, the cultures corresponded to " 2i10) bacteria ml − "). After centrifugation, cell-free supernatants were filtered through a 0n22 mm pore size Millipore filter. The filtered supernatants were first concentrated to 15 ml by tangential flux through miniplate YM30 (Millipore) with a cut-off of 30 kDa (except for LLO-d4 and LLOd123jLLO-d4 expressed simultaneously, and the negative control EGD∆hly, for which a cut-off of 10 kDa was used). Supernatants were further concentrated to a final volume of 1 to 1n5 ml by centrifugation through ultrafree Biomax units. The total protein concentration of the preparations, determined by the Bradford colorimetric method, was " 1 mg ml − ".
Western-blot analysis. Ten microlitres of each concentrated supernatant were loaded per well onto SDS-13 % polyacrylamide gels. SDS-PAGE and Western-blot analyses were performed as described previously (Charbit et al., 2000) with polyclonal and monoclonal antibodies (see below).
Quantification. The amounts of LLO present in the concentrated supernatants were determined by dot-blot assays. Serial twofold dilutions of each preparation were coated onto nitrocellulose sheets and detection was carried out with monoclonal (mAb SE2) or polyclonal anti-LLO antibodies. Serial twofold dilutions of purified LLOwt were used as standards in the assay (starting from 1 µg protein). The amounts of LLO detected in each spot were quantified by densitometry scanning of the nitrocellulose sheet using the NIH image software version 1.61. They varied between 1 % and 5 % of total proteins. On this basis (i.e. 10 to 50 µg LLO for " 10"" bacteria), the number of molecules of LLO produced under our growth conditions corresponds to 10$-5i10$ per bacterium, which is in agreement with previously reported values (Geoffroy et al., 1989 ; Villanueva et al., 1995) . The final concentration of LLO in each protein preparation was finally adjusted to 0n5 µg µl − ".
Antibodies.
A polyclonal anti-LLO serum, raised in rabbits against denatured LLO (Geoffroy et al., 1989) , was used in Western blots and dot blots at a final dilution of 1\1000 and in immunofluorescence at a final dilution of 1\500. A monoclonal anti-LLO antibody, mAb SE2 (kindly provided by Dr A. J. Ainsworth, Veterinary Medical Research, College of Veterinary Medicine, Mississippi State University, MS, USA), raised in mice after injection of concentrated L. monocytogenes extracellular proteins (Erdenlig et al., 1999) , was used in Western blots and dot blots at a final dilution of 1\1000 and in immunofluorescence at a final dilution of 1\100.
A monoclonal anti-pneumolysin antibody, mAb PLY-5 (kindly provided by Dr J. R. de los Toyos, Area de Immunologia, Facultad de Medicina, Universidad de Oviedo, Spain), was used in the membrane-binding assay to inhibit binding of LLO-d4 to erythrocyte membranes. This mAb was previously shown to recognize a peptide within the conserved undecapeptide at the tip of the d4 domains of thiol-activated cytolysins, including LLO (Jacobs et al., 1999) .
Immunoprecipitation. Concentrated supernatants were first incubated with mAb SE2 (25 µl antibody in 250 µl final) and then immunoprecipitated with 50 µl protein A-agarose (25 µl bed volume from a suspension at 3 mg ml − " ; Boehringer Mannheim). For LLO-d123jLLO-d4 expressed simultaneously (denoted 123j4) or separately (denoted 123j4rec), 2 µg LLO were used (1 µg LLO-d123j1 µg LLO-d4). Protein preparations of either LLO-d123 or LLO-d4 alone were used as negative controls (1 µg). After electrophoresis, immunoprecipitated proteins were transferred onto nitrocellulose membranes. The LLO proteins were finally revealed using the rabbit polyclonal anti-LLO serum (1\1000 final). The assay was repeated twice.
Haemolysis. Haemolytic phenotypes were visualized by spreading bacteria onto horse-blood agar plates (bioMe! rieux). Haemolytic activity was measured at pH 6n6 as described previously (Geoffroy et al., 1989 ; Portnoy et al., 1988) . Serial twofold dilutions of filtered supernatants from BHI-grown bacteria (starting from 20 µl supernatant) were incubated with 50 µl horse red blood cells (HRBC) at OD &%" 0n2, in a final volume of 100 µl. The haemolytic activity was estimated as the reciprocal of the dilution giving 50 % haemolysis.
The haemolytic activity of the concentrated supernatants was also measured at pH 6n6. Serial twofold dilutions of each LLO preparation, starting from 1 µg LLO in the first well, were tested at different concentrations of HRBC (OD &%" 0n2, 0n1 or 0n05).
Membrane-binding assays
Binding to erythrocyte membranes. Horse erythrocytes (50 ml) were lysed by sonication (on ice) with 20 mM MgCl # . After sonication, unbroken cells were removed by low-speed centrifugation (1000 g for 20 min). The supernatant was dialysed overnight at 4 mC in PBS\20 mM MgCl # . Dialysed membranes were concentrated by ultracentrifugation at 23 500 g for 1 h and finally resuspended in PBS\20 mM MgCl # at a concentration of 0n4 g l − " (final).
Each concentrated supernatant, containing 5 µg LLO, was incubated with 80 µg erythrocyte membranes (unless otherwise stated) in a final volume of 1 ml for 30 min at room temperature. The mixture was then centrifuged at 23 500 g for 1 h at 4 mC. The pellets containing the membrane were solubilized in SDS-PAGE loading buffer. Toxins from the supernatant were recovered by TCA precipitation. Each fraction (pellet or supernatant) was finally concentrated by centrifugation at 23 500 g for 1 h at 4 mC. After electrophoresis, proteins were transferred onto nitrocellulose membranes. The LLO proteins were finally revealed using the rabbit polyclonal anti-LLO serum (1\1000 final). The percentage of LLO in the bound (pellet) and unbound (supernatant) fractions was determined by densitometry scanning of the nitrocellulose sheet.
Inhibition of LLO-d4 binding was performed after a preincubation with 1 µl mAb PLY-5 for 30 min at 37 mC (5 µg LLO in a final volume of 100 µl).
Binding to intact cells. We used the epithelial cell line HeclB, a human endometrial adenocarcinoma cell line (obtained from the American Type Culture Collection, Manassas, VA, USA). Cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM ; Gibco), containing 10 % foetal bovine serum at 37 mC under 5 % CO # . Cells were seeded at 8i10% cells cm − # onto 12 mm diameter glass coverslips in 24-well plates. Monolayers were used 24 h after seeding.
Purified LLO-d123 and LLO-d4 were used in this assay. Binding of LLO-d123 and LLO-d4 to the surface of intact cells was detected by confocal microscopy, using either anti-LLO mAb SE2 for LLO-d123 or the polyclonal serum for LLO-d4. HeclB cells were incubated with 1 µg LLO d123 or LLO-d4 for 30 min at 37 mC. After three washes with PBS, cells were fixed with 3 % (w\v) paraformaldehyde (in PBS) for 30 min and washed three times with PBS. Cells were then processed for fluorescence labelling. Cells were incubated sequentially with either mAb SE2 diluted 1\100 and then with CY3-labelled anti-mouse IgG (Jackson Immunoresearch Laboratories) diluted 1\200, or with the polyclonal serum diluted 1\500 and then with anti-rabbit IgG coupled to Alexa 546 diluted 1\200. Incubations were carried out for 30 min at room temperature and followed by three washings in PBS. Coverslips were mounted on slides and examined by fluorescence microscopy with a Leica TCS4D confocal laser scanning microscope. Each assay was repeated several times.
Sequence searches, alignments and graphics. Similarity searches were done via the internet with  software (Altschul et al., 1997) . The theoretical 3D model of LLO folding was produced using the Automated Comparative ProteinModellingServer(availableathttp :\\www.expasy.ch\ swissmod\SWISS-MODEL.html) (Guex et al., 1999 and references therein) and the RasMac Program (Version RasMol v2.6, 1994 . Available from Roger Sayle, Biomolecular Structure, Glaxo Research and Development, Greenford, UK), using the X-ray coordinates of PFO.
RESULTS

Sequence analyses and structural predictions
LLO shares significant similarities with the other members of the cytolysin family. However, sequence alignments reveal that conservation is significantly higher in the d4 domain region (with 62-73 % identity) than in the proximal 2\3 portion (ranging from 38 % to 71 % identity ; not shown). In particular, the identity between LLO and PFO polypeptides is 64 % in the d4 domain (residues 416 to 529 in the LLO molecule) while it is only 38 % in the d123 domains (LLO residues 1 to 415). Sequence similarities between LLO and PFO allowed the elaboration of the theoretical 3D model of LLO folding shown in Fig. 1 (a) . In the crystal structure of PFO (Rossjohn et al., 1997) , d4 and d2, which are connected together through a glycine linker, are in partial contact via one salt link and several hydrogen bonds centred about an aromatic cluster. The glycine linker (G417) and the aromatic cluster (Y98, Y414 and Y440) are conserved in the LLO sequence (LLO preprotein numbering). Remarkably, in the predicted structure of LLO, four aromatic residues (the aromatic cluster and Y92) are located at the interface of d123 and d4 with their side chains perpendicular to the plane of the molecule (not shown).
Using this theoretical 3D model of LLO folding, we constructed four LLO mutants (Fig. 1b) -two truncated proteins and two linker insertion mutants -and expressed them in EGD∆hly. We have focused here mainly on the capacity of the truncated proteins to bind to eukaryotic membranes and to reassemble simultaneously to form an active molecule.
Expression of the LLO mutant proteins in L. monocytogenes
Two truncated LLO proteins corresponding to domains 1, 2 and 3 (LLO-d123) or domain 4 (LLO-d4), and two linker-insertion mutants corresponding to in-frame in- sertion of two (LLO-lS) or ten residues (LLO-lL) at amino acid site 416, were constructed (Fig. 1b) . The recombinant proteins were expressed in EGD∆hly from plasmid-borne genes. EGD∆hly expressing LLOwt was used as a positive control (Dubail et al., 2000) .
The four LLO mutant proteins were efficiently secreted into the culture supernatant of L. monocytogenes. As shown in the Western blot of Fig. 2 (a) , LLO-d123 and LLO-d4 were detected by the polyclonal anti-LLO antibody in concentrated culture supernatants. Strikingly, for the two linker mutants (LLO-lS and LLOlL), two major degradation species were recognized. The apparent migration of the two species detected (" 50 and 15 kDa, respectively) is compatible with a cleavage of the mutant proteins in the vicinity of the linker insertion that would generate peptides corresponding to d123 and d4 domains. The monoclonal anti-LLO antibody (mAb SE2) recognized LLOwt and LLO-d123 but failed to recognize LLO-d4, indicating that its recognition site lies within the proximal 2\3 portion of the molecule (Fig. 2b) . mAb SE2 could also recognize the mature form of the two linker-insertion mutants as well as a species of " 50 kDa. The fact that the 15 kDa species, detected with the polyclonal serum, was not detected by the mAb (not shown) further supports the idea that this peptide might correspond to the d4 domain of LLO.
The amounts of LLO secreted into the supernatant of L. monocytogenes were quantified by dot-blot assays on concentrated culture supernatants, using the monoclonal and polyclonal anti-LLO antibodies (see Methods for details). The amounts of LLO-d123, LLO-lS and LLO-lL produced were comparable and corresponded to approximately one quarter that of LLOwt (Fig. 3) . Similar results were obtained with the polyclonal anti-LLO serum (not shown). In the preparation corresponding to the simultaneous expression of LLO-d4 and LLO-d123, the amounts of chromosomally encoded LLO-d123 appeared to be " 8-fold lower than that of the plasmid-encoded LLO-d123. The amounts of LLO-d4 in the two preparations containing LLO-d4, expressed alone or with LLO-d123, were similar to that The concentration of LLO in the different protein preparations was finally adjusted to 50 µg ml −" for all the subsequent assays. The haemolytic activity of the four LLO mutants was assayed on horse blood agar plates (not shown) and quantified by titration on horse erythrocytes (see Methods for details). None of them showed any detectable haemolytic activity.
Binding of LLO-d123 and LLO-d4 to eukaryotic membranes
Wild-type LLO is known to bind to cholesterolcontaining membranes (Jacobs et al., 1998) . The ability of the mutant proteins to bind to eukaryotic cell membranes was tested on erythrocyte membranes and on intact eukaryotic cells.
Binding to erythrocyte membranes. This was assayed essentially as described by Jacobs et al. (1998) on concentrated supernatants. Each protein preparation, containing 5 µg LLO, was incubated with erythrocyte membranes (80 µg ml −" final). After 30 min incubation at room temperature, the membranes were collected by centrifugation and subjected to SDS-PAGE (see Methods). The LLO fraction bound to the membranes was revealed by Western blotting with anti-LLO polyclonal serum. As shown in Fig. 4 (a) , the four LLO mutant proteins (including LLO-d123 and LLO-d4 expressed simultaneously) bound to erythrocyte membranes. Strikingly, with both linker-insertion mutants, the two major proteolytic species were still detected. For LLO-d123, " 50 % of the protein was detected in the membrane fraction and 50 % in the supernatant : a value comparable to that obtained with LLOwt. In contrast, for LLO-d4, the bound fraction corresponded to only 15-20 % (as determined by densitometry scanning of the nitrocellulose sheet using the NIH image software version 1.61).
The amounts of LLO-d123 and LLO-d4 bound to the membranes were also compared at different concentrations of membranes. Identical amounts of each mutant protein (5 µg) were incubated with 40, 80 or 160 µg erythrocyte membranes. With both mutants, the intensity of the band detected in the membrane-bound fraction was significantly higher with 80 µg than with 160 µg membranes (Fig. 4b) . The optimal concentration of 80 µg membranes per assay was then used to compare the percentage of LLO-d123 bound to the membranes with lower amounts of protein (see Methods for details). The percentage of bound LLO-d123 rose from 53 % with 1 µg LLO-d123 to 75 % with 0n25 µg. Thus, within the limits of detection of the assay (from " 0n18 µg to 0n5 µg bound LLO), binding increased linearly.
Two sets of controls were performed to check the specificity of the binding. i) The assay was carried out without membranes. Under these conditions, the two truncated and the two-linker insertion mutant proteins were essentially found in the supernatant. ii) The assay was performed with a heterologous protein, i.e. the maltose-binding protein (MBP) of Escherichia coli K-12 (Betton & Hofnung, 1994) . MBP was essentially found in the supernatant (not shown). These two assays demonstrated that the presence of the LLO mutant proteins in the membrane fractions (pellets) was not due to the formation of non-specific protein aggregates and confirmed that the binding was specific.
Preincubation of LLO-d4 with mAb PLY-5 (directed against the d4 domain) almost totally inhibited the binding of LLO-d4 to erythrocyte membranes (Fig. 4c) . This result is in agreement with previous data suggesting that binding of LLO involved directly its conserved motif, located in the d4 domain. However, it cannot be excluded that inhibition might be due to steric hindrance by the mAb and that membrane binding occurs via another portion of the LLO-d4 polypeptide.
Binding to intact cells. Binding of LLO-d123 and LLO-d4 to the surface of intact eukaryotic cells was then evaluated by confocal microscopy on human epithelial cells, using mAb SE2 (directed against this proximal portion of the molecule). One microgram of purified protein was used (Fig. 3b) . As shown in Fig. 5 (a) , a strong and uniformly distributed binding of LLO-d123 protein was observed on all the cells. As a negative control, cells were preincubated with a supernatant from EGD∆hly alone and we did not observe any nonspecific binding of the monoclonal antibody to cell membranes (Fig. 5b) . Under the conditions of the assay, using mAb SE2, only a very weak labelling was observed when cells were preincubated with the LLO linker derivatives (not shown). The binding of LLO-d4 to intact cells was tested using the polyclonal anti-LLO serum. As shown in Fig. 5 (c) , binding of LLO-d4 was also uniformly distributed on the surface of all the cells. As a negative control, the polyclonal serum was tested on cells that were not preincubated with LLO : only a very weak background signal was recorded under these conditions (Fig. 5d ).
Functional assembly of domains d123 and d4 of LLO
We tested whether the simultaneous production of the two polypeptides by the same strain allowed reassembling of the two polypeptides i) physically, by immunoprecipitation and ii) functionally, by measuring the haemolytic activity of concentrated culture supernatants. The DNA gene fragment encoding the first 416 residues of LLO (LLO-d123) was integrated at random in the chromosome of EGD∆hly using an integrative vector (Autret et al., 2001) . One chromosomal insertion that did not affect bacterial growth was chosen and the resulting strain was transformed with the plasmid encoding LLO-d4. In this strain, each recombinant gene is under phly promoter control (see Methods). The two polypeptides were efficiently secreted in the culture supernatant, as shown by Western-blot analysis with anti-LLO polyclonal serum (Fig. 3a) .
Co-immunoprecipitation of LLO-d4 with LLO-d123. A concentrated supernatant from EGD∆hly expressing simultaneously the two polypeptides was incubated with mAb SE2 (specific for LLO-d123). The antigen-antibody complexes were immunoprecipitated with protein Aagarose and subjected to SDS-PAGE. After electrophoresis, proteins were transferred onto nitrocellulose membranes and the LLO proteins were revealed with rabbit polyclonal anti-LLO (recognizing both LLO-d123 and LLO-d4). As expected, LLO-d123 was efficiently immunoprecipitated by mAb SE2 and revealed by the polyclonal serum (Fig. 6a) non-specific reaction with LLO-d4. In the concentrated supernatant containing both polypeptides (123j4, simultaneous expression), LLO-d4 was co-immunoprecipitated with LLO-d123, demonstrating that the proteins were able to interact physically. In contrast, when LLO-d123 and LLO-d4 produced separately were mixed (123j4rec), only LLO-d123 was immunodetected.
Haemolysis. The haemolytic activity of the concentrated supernatant d123j4 was tested at pH 6n6 on horse erythrocytes at OD &%" 0n1 and 0n05 (Fig. 6b) , and compared to that of a concentrated supernatant containing LLOwt (see Methods). Under these conditions, the activity in the preparation d123j4 was " 10-fold lower than of the wild-type protein. The haemolytic activity of the preparation was completely inhibited by a preincubation with cholesterol (not shown), like the wild-type LLO protein (Lety et al., 2001 and references therein). Strikingly, under the same conditions, LLOd123 and LLO-d4 produced separately and mixed before incubation produced no detectable haemolytic activity. We also tested whether d123 and d4 produced separately and mixed together could recover a cytolytic activity after denaturation in 8 M urea and renaturation by dialysis for 24 h at 4 mC in 50 mM Tris\HCl, pH 7n5. This treatment failed to restore any detectable haemolytic activity.
These data, which demonstrated that LLO-d123 and LLO-d4 proteins could reassemble to form a haemolytically active LLO when expressed simultaneously, suggest that functional assembly of the two domains might occur during, or immediately after, the cosecretion of the two proteins.
DISCUSSION
We used a theoretical 3D model of LLO folding to design two truncated and two linker-insertion mutants. The data presented here showed that i) the two truncated proteins LLO-d123 and LLO-d4, when secreted simultaneously by L. monocytogenes, could reassemble to form a haemolytically active molecule, and ii) minor modifications in the region connecting d4 to the rest of the molecule drastically altered protein stability and hence activity.
LLO-d123 and LLO-d4 bind to cell membranes and can reassemble to form an active molecule
Earlier studies have shown that a C-terminal proteolytic fragment of PFO (residues 304-500) could bind erythrocytes like intact toxin (Tweten et al., 1991) , and biophysical studies clearly established that domain 4 of PFO interacted with the bilayer (Nakamura et al., 1998) . Further biophysical analyses revealed that each PFO monomer contained a second region (domain 3), involved in pore formation (Shatursky et al., 1999 ; Shepard et al., 1998) . A structural linkage between domains 3 and 4 of PFO was very recently demonstrated (Heuck et al., 2000) . That study showed that the two domains interacted sequentially with cholesterol-containing membranes : domain 4 interacted first, eliciting a conformational change in the proximal part of the molecule, allowing subsequent insertion of domain 3. In agreement with these data, the present work revealed that LLO-d4 and LLO-d123, expressed individually, could bind to erythrocyte membranes and to intact eukaryotic cells. The binding capacity of the LLO-d123 alone might be due to a direct accessibility of the Functional assembly of LLO domains membrane-binding domain at the surface of the molecule. Further analyses will be required to determine the exact mode of interaction of this truncated protein with the membrane and of its oligomeric state in solution and upon binding to cell membranes. LLO-d123 and LLO-d4, when secreted simultaneously by the same bacterium, could reassemble to form a haemolytically active molecule. Physical interactions between the two portions of LLO were confirmed by showing that the d4 domain could be immunoprecipitated with an antibody specifically directed against d123. We also tested whether the expression of LLO-d123 could interfere with the activity of the chromosomally encoded wild-type protein (negative dominance). For that, we transformed EGDwt with the multicopy plasmid pAT28-LLO-d123 encoding LLO-d123. The haemolytic activity recorded in the culture supernatant of the recombinant strain was identical to that of the wild-type strain, indicating that the expression of the truncated polypeptide did not prevent pore formation (not shown). Most of the mutations in LLO (or in PFO) affecting haemolytic activity identified so far were found in the d4 domain, within or in close vicinity to the conserved undecapeptide thought to be involved in cell binding (Michel et al., 1990 ; Jones et al., 1996) . We have shown here that modifications in the region connecting d123 and d4 were also critical for the haemolytic activity of LLO, by increasing the susceptibility of the protein to proteolytic degradation. These data are in agreement with the currently accepted notion that d123 and d4 interact together to form an active cytolysin molecule (Palmer et al., 1998 ; Shepard et al., 1998 Shepard et al., , 2000 Ghani et al., 1999 ; Heuck et al., 2000) . One hypothesis would be that the hinge region might be involved in this interaction. Biochemical and biophysical analyses of the truncated proteins should provide interesting information on the ability of the LLO protein domains to fold autonomously. Finally, these data showed that the hinge region of LLO is not a ' permissive ' region of the molecule. In this respect, it is worth mentioning that a region close to the N terminus of LLO was very recently found to be critical for bacterial virulence (Decatur & Portnoy, 2000 ; Lety et al., 2001) . This region is involved in phagosomal escape and might also regulate the intra-cytosolic half life of LLO. Strikingly, this proximal region of LLO allowed local sequence alterations without any detectable effect on protein secretion and haemolytic activity. At this stage, it is tempting to speculate that the hinge region between d123 and d4 of LLO could also be a target of proteolytic degradation in infected cells.
